Friction surfacing is a solid-state surface engineering technology. Previous studies have shown that underwater friction surfacing has some advantages in efficiency and homogeneity of the deposited material. To use these advantagesa water spray cooling system was implemented to achieve a more flexible process. This concept has been investigated by depositing Al alloy AA6082 T6 on AA2024 T351 substrate.
Introduction
Friction surfacing is a solid-phase process whereby a metallic layer is deposited on a substrate material. To deposit the layer, a rotating consumable rod made of the coating material is brought in contact with the substrate under an axial force whereby friction and shear stresses lead to plastification of the material at the rod tip.
Combined with a movement of the rod relative to the substrate, a layer is deposited onto the substrate. Further information can be found in a recently published review [1] . Friction surfacing was first described and patented in 1941 by Klopstock and Neelands [2] . After that for a long period of time only a few activities regarding the process have been published [3] , until recently renewed interest in the process arose [4] [5] [6] [7] [8] [9] . Underwater friction surfacing of stainless steel on low carbon steel has been shown to increase the deposition efficiency and to produce more homogeneous coatings [10] . The objective of this study is to investigate if this behaviour also occurs during the friction surfacing of aluminium and to use a spray cooling system instead of a water bath, since water spray is easier to adopt in an industrial environment.
Materials and methods
A hydraulic stud welding machine combined with an electric driven linear axle was deployed for the present study. An axial force of 5 kN, rotational speed of 2500 min -1 and a traverse speed of 2 m/min have been applied. To gain information about the effect of the external cooling, the process parameters were kept constant, and only the cooling conditions were varied.
Aluminium AA6082 T6 rods with a diameter of 20 mm were used to produce the layers. Plates of AA2024 T351 measuring 300 mm x 100 mm x 10 mm serve as substrate.
Temperature measurements were performed with 20 type K thermocouples aligned perpendicularly to the welding direction in a special holder (see Figure 1a) . The holder is introduced into a cut-out on the bottom of the substrate, the remaining thickness of the substrate at this position is 2 mm. During the process a close contact between the substrate and the thermocouples was provided though the axial process force. The temperature values were recorded with a frequency of 80 Hz. To investigate the properties of the deposited material, tensile tests were carried out.
Six micro flat specimens were prepared out of each deposited layer. The micro flat tensile samples have a tested material volume of 2mm x 0.5mm x 13mm (see Figure   4 ).
Results and Discussion
The introduction of external cooling into the friction surfacing process has a significant effect on the efficiency of the process. The deposition efficiency E is the ratio of the deposited material volume to the consumed volume of the rod. For the deposited volume, the traverse speed and the cross-section area of the layer were multiplied. The cross-section was calculated from the width W and height H of the layer. Only the bonded width (see Figure 2a ) was considered. For the height, the average from three measurements was used. The consumed rod volume was determined by multiplying the shortening rate of the rod (speed of the Z-axis) by the cross-section area of the rod (equation in Figure 2b ).
For all cooling configurations, the efficiency increases (Figure 2b) . Cooling of the flash shows an effect of the amount of sprayed water on the achieved process efficiency, while for cooling of only the layer the increase in efficiency is less pronounced and seems not to be affected by the amount of sprayed water. Possibly, the efficiency increase in the latter case may be attributed to a slight cooling effect on the flash occurring also in this configuration. As a result of cooling the flash temperature is obviously reduced. This can be assumed to lead to an increase in the strength of the material, which changes the pressure field between the rod and the layer and results in a smaller flash.
Additionally, a change in the bonded width of the layer is observed when cooling the flash, increasing from 9 mm to 12 mm. The temperature measurements are consistent with this finding. The region subjected to the highest temperatures during the deposition increases in width with increasing cooling intensity on the flash ( Figure   3a ). For each layer the time frame with the highest measured peak temperature is presented, the two vertical lines represent the total width of the deposited layer. speed, leads to an increased heat generation and this to a higher measured temperature at this location. The wider peak temperature region also indicates that cooling the flash results in a higher overall amount of heat generated in the process.
The depositions with cooling of the layer did not show this phenomenon. For a better understanding, torque measurements during the experiment will be carried out in the future, since from the measured torque and the rotational speed the energy input into the process can be estimated.
The measured temperatures also show a slight increase in cooling rate with increasing cooling intensity (see Figure 3b) . The highest cooling rate of approximately 260 K/s was measured for the highest intensity of layer cooling.
Without external cooling it is in the range of 240 K/s. Hence an effect of cooling is recognisable, but small. For a deeper investigation of the cooling rate, temperature measurements closer to the process zone need to be performed.
The results of the tensile tests did not show a clear tendency for the influence of the cooling on the properties of the deposited material. 
Conclusions
The deposition efficiency of bonded material was increased from 19% to 31% by applying external cooling on the flash, while cooling of the layer directly behind the rod had no clear effect on the efficiency. This is attributed to the following mechanisms:
1. A cooled flash has a higher mechanical strength.
2. This leads to an increase in the load carrying diameter of the rod tip.
3. As a result, a higher circumferential speed takes effect on generating more heat.
These factors lead both to an increase in the bonded width, as well as a decrease of the flash volume.
The mechanical properties of the coatings are not greatly affected, since they are mainly determined by the cooling rate, which does not change significantly with the applied cooling measures.
Applying a well-defined cooling method therefore may be used not only to increase the coating efficiency, but as a specific process parameter to control overall heat input, temperature distribution and bonding width.
